The development of the nervous system involves the generation of a stunningly diverse array of neuronal subtypes that enable complex information processing and behavioral outputs. Deciphering how the nervous system acquires and interprets information and orchestrates behaviors will be greatly enhanced by the identification of distinct neuronal circuits and by an understanding of how these circuits are formed, changed, and/or maintained over time. Addressing these challenging questions depends in part on the ability to accurately identify and characterize the unique neuronal subtypes that comprise individual circuits. Distinguishing characteristics of neuronal subgroups include but are not limited to neurotransmitter phenotype, dendritic morphology, the identity of synaptic partners, and the expression of constellations of subgroup-specific proteins, including ion channel subtypes.
H ow is the diversity of neuronal subtypes generated during development? Intrinsic genetic programs, extracellular signals, and both spontaneous and experience-dependent activity all contribute to the development of a functional nervous system. Here we focus on the role of activity, and specifically calciummediated signaling, in the generation of neuronal diversity. Brief elevations of intracellular calcium levels, also referred to as calcium transients, have been implicated in the regulation of various stages of neuronal development, including proliferation, migration, differentiation, and survival. Calcium-mediated regulation of neuronal proliferation and migration has been recently reviewed (Spitzer 2006; Platel et al. 2008 ). Here we address the role of calcium transients in neuronal differentiation. Calcium-mediated signaling contributes to the specification of neuronal subtype through the regulation of axonal pathfinding, dendritic growth and arborization, and specification of neurotransmitter subtype (Fig. 1) .
How is it that a single cation can regulate so many different aspects of differentiation? In addition, how does calcium-mediated regulation of each distinguishing neuronal feature lead to specific phenotypic characteristics in different cell types? Although the answers to these questions are not yet fully resolved, innovative work from many groups has helped establish that the spatial and temporal characteristics of activity are important for conferring specificity in calcium-mediated signaling. Therefore we begin this review by describing characteristics of calcium transients in the embryonic nervous system. Next, we review evidence demonstrating that different patterns of calcium transients Identity of ion channels and receptors (e.g., calcium-permeable channels; glutamate receptors; guidance receptors; neurotransmitter receptors) Pattern of calcium transients (e.g., burst duration; interburst interval) Identity, expression pattern, and activation state of transduction machinery Calcium-dependent kinases (e.g., CaMKII)
Regulation of transcription Activity-dependent transcription factors (e.g., cJun; Lmx1b) Activity-dependent genes (e.g., Tlx3)
Regulation of the cytoskeleton Addition, subtraction, and stabilization of dendritic branches; growth cone turning Neurotransmitter phenotype Dendritic morphology Axon growth and guidance Figure 1 . Providing specificity for calcium signaling in neuronal differentiation. Calcium transients direct neuronal differentiation by regulating neurotransmitter phenotype, dendritic morphology, and axonal growth and guidance. Factors dictating intracellular calcium dynamics include the subcellular location of ion channels within the neuron and the neuron-specific constellation of ion channels and receptors expressed by individual cells. The location and identity of these channels and receptors influence the timing and frequency of calcium transients and determine whether the changes in calcium concentration occur in a global or localized fashion. Spatiotemporal patterns of calcium transients select the downstream mechanisms involved in neuronal differentiation. Calcium transients activate enzymes that transduce ionic signals into biochemical ones. These enzymes impact differentiation either through transcriptional mechanisms or by the regulation of cytoskeletal dynamics. Activation or repression of transcription factors controls neurotransmitter expression whereas cytoskeletal remodeling regulates axon and dendrite morphogenesis.
regulate distinct aspects of neuronal differentiation. Additionally, we discuss some downstream mechanisms involved in calcium-mediated effects on neuronal differentiation, including the activation of specific transcription factors and cytoskeletal rearrangements. We also review some of the identified calcium-binding partners and specific downstream targets that help to convey specificity in calcium signaling. The studies discussed here show that the temporal dynamics of calcium transients and the mode of calcium entry into the neuron influence the specific effects of calcium signaling in neuronal development. Based on these findings, it is likely that the mechanisms regulating calcium channel expression and localization play a fundamental role in regulating calcium-driven differentiation and the determination of neuronal subtype. Therefore, we conclude with findings that provide insight into calcium-dependent mechanisms regulating the subcellular targeting of calcium-permeable channels.
SPATIOTEMPORAL CHARACTERISTICS OF CALCIUM TRANSIENTS DURING EARLY NEURONAL MATURATION
Both spontaneous and experience-driven patterns of activity influence nervous system development. In experience-mediated activity, the number and frequency of calcium transients are responsible for conveying information about the stimulus intensity. Different patterns of calcium spike activity, and the resulting variations in ionic flux, lead to specific outcomes for neuronal development and plasticity. Similarly, the timing of expression of spontaneous activity is important for multiple aspects of neuronal development. Spontaneous activity, occurring in the absence of sensory input, takes place both before and after the formation of synaptic connections. The mechanisms involved in spontaneous synaptically mediated activity have been recently reviewed (Blankenship and Feller 2010) . We focus here on spontaneous activity present in the nervous system prior to the formation of synaptic connections. Remarkably, these early forms of activity have significant roles in directing neuronal differentiation. In an effort to understand the functional importance of early forms of spontaneous activity, calcium transients have been characterized in embryonic Xenopus spinal neurons beginning at the time of neural tube closure. These neurons show two distinct types of calcium transients: calcium spikes and calcium waves Spitzer et al. 1994; Spitzer 1995, 1997) . Calcium spikes involve a rapid increase in calcium concentration generated by calcium-dependent action potentials and calcium-induced calcium release, quickly followed by a stereotyped double exponential decay with time constants of 10 sec and 3 min. As measured by calcium imaging with Fura-2, calcium spikes raise intracellular calcium from 10 27 to 10 26 M, in ,5 sec . In contrast to the stereotyped pattern of calcium spikes, calcium waves show variability in duration, with rise and decay times lasting on the order of half a minute to several minutes in duration. Calcium waves also show a more moderate increase in fluorescence intensity when assessed with calcium imaging. In addition to these differences in amplitude and duration, spikes and waves also differ in their spatial localization within neurons. Consistent with their initiation by calcium-dependent action potentials, calcium spikes propagate rapidly throughout the cell. In contrast, calcium waves occur in both the soma and the growth cone, but frequently remain sequestered in the compartment in which they are generated. These two types of calcium transients also exert different effects on neuronal differentiation. Calcium spikes regulate neurotransmitter specification, whereas calcium waves regulate the rate of axon extension, indicating that the spatiotemporal features of spontaneous activity may provide functional specificity.
Spontaneous activity prior to the formation of synaptic networks has been observed in multiple areas of the nervous system and in multiple species. In the developing mammalian brain, spontaneous transients are present in slices of the visual, somatosensory, and frontal cortex at postnatal day 0 (Yuste et al. 1992; O'Donovan 1999) . In the developing chick retina, calcium transients appear as early as embryonic day eight (E8) (Catsicas et al. 1998) . These signals are also present in cultured chick dorsal root ganglion (DRG) neurons isolated at E8-E11 (Gomez et al. 1995) . These neurons generate calcium transients in their growth cones that regulate the rate of growth cone migration, consistent with the idea that the subcellular location of activity patterns influences the effect of calcium signaling on neuronal differentiation. In the following sections, we discuss studies that provide additional insight into the spatiotemporal characteristics of calcium transients and the types of downstream mechanisms that confer specificity in the regulation of neuronal differentiation.
CALCIUM-MEDIATED SPECIFICATION OF NEUROTRANSMITTER PHENOTYPE
Early studies of cultured embryonic Xenopus spinal neurons showed a role for calcium spikes in the regulation of GABA immunoreactivity. Elimination of calcium spikes by the removal of extracellular calcium, blockade of calcium channels, or by the addition of the calcium chelator BAPTA, significantly reduced the number of GABAergic neurons (Holliday et al. 1991; Gu and Spitzer 1995) . In the absence of extracellular calcium, artificial calcium spiking generated by pulses of KCl and CaCl 2 was sufficient to rescue the GABAergic phenotype (Gu and Spitzer 1995) . These findings show that spontaneous calcium spikes are necessary and sufficient for the specification of neurotransmitter expression in developing Xenopus spinal neurons. What is the mechanism by which calcium signaling regulates GABA expression? In spinal neurons cultured at early stages of development, the release of calcium from intracellular stores is necessary for the generation of calcium spikes. Experimental depletion of intracellular calcium stores leads to a reduction in calcium spiking, and a decrease in the number of GABAergic cells (Holliday et al. 1991) . These studies indicate that in addition to the influx of extracellular calcium, release of intracellular calcium stores is also necessary for neuronal differentiation. Together, these findings lead to a model in which the influx of extracellular calcium induces the release of calcium from intracellular stores, resulting in an increase in the number of GABAergic cells. Calcium-mediated regulation of GABA expression appears to occur via a frequency-dependent mechanism, as shown by removing extracellular calcium and stimulating cultured neurons with different frequencies of calcium spikes (Gu and Spitzer 1995; Watt et al. 2000) . Spike stimulation mimicking the frequency of spontaneous transients was shown to be most effective in replicating the effects of spontaneous transients on neurotransmitter expression.
The regulation of GABAergic phenotype by calcium spike frequency prompts a number of interesting questions. How does the frequency of calcium spikes modulate neurotransmitter specification? Is spike frequency responsible for regulating gene expression? Are diverse frequencies of calcium transients involved in generating the diversity of neuronal subtypes present in the nervous system? Do specific frequencies elicit the expression of specific neurotransmitters in different neuronal subtypes? Several of these questions were addressed by imaging the calcium transients of specific classes of neurons in the developing Xenopus spinal cord (Borodinsky et al. 2004) . Four different neuronal subtypes-Rohon -Beard sensory neurons, ventral interneurons, ventral motor neurons, and dorsolateral interneurons-show unique patterns of spontaneous calcium spiking and disparate neurotransmitter phenotypes. For example, in the developmental period prior to synapse formation, RohonBeard neurons show a relatively low spike frequency and express glutamate, whereas motor neurons show a gradual increase in spike frequency and express acetylcholine. These results indicate a potential relationship between spiking activity and the expression of various neurotransmitters, which is consistent with activitydependent regulation of GABA expression. The role of spontaneous activity in regulating neurotransmitter phenotype was investigated using ion channel misexpression to manipulate activity and the resulting calcium transients (Borodinsky et al. 2004 ). Injection of voltage-gated sodium channel transcripts into Xenopus embryos at the two-cell stage results in a global increase in spiking activity and is accompanied by a decrease in the number of neurons expressing the excitatory transmitters glutamate and acetylcholine, as well as a corresponding increase in the number of neurons expressing the inhibitory transmitters glycine and GABA. In contrast, injection of inwardly rectifying potassium channel transcripts results in an overall decrease in the extent of calcium spiking, accompanied by a decrease in the numbers of neurons expressing inhibitory transmitters and an increase in the expression of excitatory transmitters by neurons other than sensory and motor neurons. These results indicate the existence of a homeostatic relationship between calcium signaling and neurotransmitter expression ( Fig. 2A) .
Changes in neurotransmitter specification that serve to readjust the relative degree of excitation and inhibition represent an intriguing strategy by which the nervous system can preserve a homeostatic balance in overall neuronal activity. Additionally, the activity-dependent acquisition of a novel neurotransmitter profile reveals a previously unexpected degree of plasticity in neuronal phenotype. This plasticity is also reflected in the matching of appropriate postsynaptic receptors to neurons expressing novel neurotransmitters (Borodinsky and Spitzer 2007) . Studies of the developing Xenopus neuromuscular junction (NMJ) reveal that multiple neurotransmitter receptors are initially expressed in skeletal muscle. As development proceeds, muscles are innervated by neurons expressing acetylcholine, and receptors not responding to acetylcholine are normally down-regulated. Calcium-spike mediated expression of novel neurotransmitters results in the retention of alternate receptor subtypes at the NMJ. These findings support the likelihood of a functionally relevant role for neurons that undergo activity-induced acquisition of novel neurotransmitters.
Activity-dependent regulation of neurotransmitter phenotype raises new questions about the mechanisms involved in calciummediated neuronal specification. What are the triggers for spontaneous activity? Paracrine action of GABA and glutamate, secreted prior to synapse formation, drives spontaneous activity in the Xenopus neural tube (Root et al. 2008) , and expression of the b-subunit of the sodium pump appears to be required for the generation of spontaneous calcium spikes (Chang and Spitzer 2009) . What are the downstream mechanisms responsible for activity-dependent neurotransmitter respecification? Recent studies show that the activity-dependent regulation of GABAergic and glutamatergic expression in Xenopus tropicalis is mediated through the expression of the tlx3 homeobox gene (Marek et al. 2010) . In mice, tlx3 has been shown to act as a transcriptional selector gene, responsible for both the inhibition of GABAergic development and the up-regulation of the glutamatergic phenotype in the dorsal horn of the embryonic spinal cord (Cheng et al. 2004 (Cheng et al. , 2005 . In Xenopus, morpholino knockdown of tlx3 expression was sufficient to block the decrease in GABAergic neurons and corresponding increase in glutamatergic neurons that results from inhibition of activity. Additionally, overexpression of tlx3 blocked the increase in GABA-expressing cells and decrease in glutamate-expressing cells that results from a global increase in activity. These results indicate that tlx3 expression mediates the activity-dependent regulation of glutamatergic and GABAergic cell fate. The use of luciferase transcription assays showed that the effect of calcium activity on tlx3 expression is mediated through the activity-dependent phosphorylation of the cJun transcription factor. An increase in activity leads to an increase in cJun phosphorylation and activation of cJun, which suppresses tlx3 expression by binding to a noncanonical cAMP responsive element (CRE) within the tlx3 promoter. This results in an increase in the number of GABAergic cells and a decrease in the number of glutamatergic neurons. In contrast, a decrease in activity causes a decrease in the number of neurons showing phosphorylated cJun, and a decrease in the number of GABAergic cells and an increase in the number of glutamatergic cells (Fig. 2B) . Together, these findings show that spontaneous activity and Figure 2. Activity-dependent neurotransmitter specification at early stages of neuronal development. (A) Prior to synapse formation in the embryonic spinal cord, overexpression of voltage-gated sodium channels (Na v ) increases the incidence and frequency of calcium spikes that lead to a decrease in the number of neurons expressing excitatory transmitters (in green) and an increase in the number of neurons expressing inhibitory transmitters (in red). Overexpression of inward rectifier potassium channels (Kir) decreases calcium spiking and produces the opposite effect on transmitter specification. (B) Increasing the incidence and frequency of calcium spikes in the embryonic spinal cord leads to phosphorylation of the cJun transcription factor that binds to the promoter of the tlx3 selector gene and suppresses its expression; this results in a decrease in the number of glutamatergic neurons (in green) and an increase in the number of GABAergic neurons (in red). Suppressing spike production leads to dephosphorylation of cJun that no longer represses tlx3 expression; this results in an increase in the number of glutamatergic neurons and a decrease in the number of GABAergic neurons. (C ) After synapse formation in the postembryonic brain, bright light illumination increases calcium spike activity that leads to an increase in the number of hypothalamic neurons that express dopamine (in red), which acts as an inhibitory transmitter. Dark exposure decreases calcium spike activity that leads to a decrease in the number of dopaminergic neurons. the resulting calcium transients mediate the activation of a transcription factor that regulates a downstream selector gene involved in the determination of neurotransmitter expression. These results illustrate the importance of activity-dependent transcriptional regulation in controlling neuronal differentiation.
Activity-dependent transcriptional regulation of neurotransmitter expression is not restricted to spinal neurons. Additional studies show that activity-dependent regulation of the transcription factor Lmx1b controls the extent of serotonergic specification in neurons present in the raphe nucleus of the Xenopus hindbrain (Demarque and Spitzer 2010) . Increased calcium spiking results in a decrease in the number of neurons expressing Lmx1b and a corresponding decrease in the number of serotonergic neurons. In contrast, a decrease in calcium spiking activity leads to an increase in Lmx1b expression and an increase in the number of serotonergic neurons in the hindbrain. Importantly, this study shows that the activity-dependent induction of additional serotonergic neurons leads to a change in behavioral output-specifically in the swimming behavior of the Xenopus larvae. Serotonin has a key role in limiting the duration of swimming episodes (Sillar et al. 1998) , suggesting that an increase in the number of serotonergic cells will lead to a decrease in the duration in swimming episodes. Consistent with this hypothesis, the presence of additional serotonergic neurons generated either by experimental reduction of calcium spiking or overexpression of Lmx1b is sufficient to reduce both the duration of fictive swimming firing patterns recorded from ventral nerve roots and the duration of swimming episodes performed by free swimming larvae (Demarque and Spitzer 2010) . In contrast, either an increase in activity or a reduction in Lmx1b expression is sufficient to extend the duration of both fictive and free swimming episodes. These findings show that experimentally induced alterations in calcium spiking can modulate behavior by redirecting the differentiated neurotransmitter fate of neuronal subtypes.
The experimental manipulation of calcium spiking in developing Xenopus embryos raises the important question of whether the effects of activity on neurotransmitter phenotype are restricted to early embryonic spontaneous activity or whether these changes can also be mediated by experience-driven changes in activity occurring after synapse formation. Studies of the circuitry underlying the camouflage behavior of Xenopus larvae tested whether experience-mediated changes in calcium spiking can influence neurotransmitter expression. Exposure of larvae either to light or to a white background activates dopaminergic neurons in the ventral suprachiasmatic nucleus (VSC), which regulate the downstream pathways responsible for changes in skin pigmentation. Exposing larvae to light for a period of several hours leads to an increase in the number of dopaminergic neurons, which is blocked by pharmacological inhibition of calcium spiking in the VSC (Fig. 2C ) (Dulcis and Spitzer 2008) . This increase in the dopaminergic population occurs through the acquisition of dopamine expression by existing neurons and does not involve the generation of new neurons. These findings indicate that experience-driven calcium spiking is sufficient to alter the number of dopaminergic neurons, demonstrating that experience-mediated activity can also influence neurotransmitter phenotype. Importantly, these experience-generated dopaminergic neurons are functionally sufficient to mediate camouflage behavior after the selective elimination of the original dopaminergic population.
In addition to experience-mediated activity, the binding of extracellular ligands can also modulate intracellular calcium levels. Furthermore, extracellular retrograde signals from axonal targets have been shown to influence neurotransmitter specification Landis 1988, 1990) . Is it possible that these signals mediate neurotransmitter specification via regulation of calcium signaling? In developing rodents, sympathetic neurons innervating the sweat glands and the periosteum are initially adrenergic. Following innervation, these neurons down-regulate noradrenaline and instead adopt a cholinergic phenotype. Soluble factors derived from the innervated target tissues contribute to this switch in neuronal identity
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a004259 (Habecker et al. 1997; Asmus et al. 2001) . Although the exact identity of these soluble factors remains elusive, these signaling molecules appear to belong to the IL-6 family of neuropoietic cytokines (Rao and Landis 1990) . The selective in vivo deletion of the neuropoietic cytokine receptor subunit gp130 in noradrenergic neurons results in a decrease in the number of cholinergic neurons innervating the sweat glands, although the total number of innervating neurons is unchanged (Stanke et al. 2006) . Additional studies of hippocampal neurons show that elevated levels of IL-6 both in vivo and in vitro modulate the expression of L-type calcium channels and alter the dynamics of calcium signaling and network activity (Nelson et al. 2004; Vereyken et al. 2007 ). These results indicate that signaling through the IL-6 receptor gp130 may regulate neurotransmitter phenotype by modulating calcium signaling.
THE ROLE OF ACTIVITY AND CALCIUM SIGNALING IN DENDRITIC ARBORIZATION
Establishment and plasticity of dendritic morphology represent important aspects of neuronal differentiation. The relative growth and branching of dendritic trees influences the number of synaptic connections that a given neuron can form. Subgroups of neurons are characterized by distinct dendritic morphologies, which include variations in both the length and number of dendritic branches (Parrish et al. 2007; Spruston 2008) . A role for activitydependent regulation of dendritic arborization has been described for numerous neuronal subtypes (Wong and Ghosh 2002) , and activitymediated calcium signaling has been implicated in regulating the plasticity of dendritic branching and growth. Increases in intracellular calcium levels, resulting from the activation of NMDA receptors, promote an increase in dendritic branching in both rodent and amphibian neurons (Rajan and Cline 1998; Chevaleyre et al. 2002) .
In cultures of developing Xenopus tectal neurons, application of APV selectively disrupts NMDA-mediated transmission and decreases the rate of dendritic growth, limiting both the extension of existing branches and the addition of new branches (Rajan and Cline 1998) . In more mature cultured tectal neurons, the activation of both NMDA and AMPA receptors is necessary for dendritic growth and the maintenance of existing branches. Furthermore, the stability of dendritic arbors in Xenopus tectal neurons in vivo is regulated by the activity of the calcium-activated kinase, calcium-calmodulindependent kinase II, CaMKII (Wu and Cline 1998) . As tectal neurons mature and migrate away from their site of generation in the ventricular layer of the tectum, the rate of dendritic growth declines, coincident with an increase in the expression of CaMKII. Overexpression of constitutively active CaMKII in developing neurons leads to a decrease in the rate of dendritic growth. Additionally, more mature tectal neurons show enhanced dendritic growth in the presence of the CaMKII inhibitor, KN-93. CaMKII regulates the rate of dendritic growth by inhibiting the addition and turnover of new dendritic branches. These results prompt further inquiry into the mechanisms regulating CaMKII expression and activity, as well as the CaMKII substrates and downstream pathways controlling dendritic growth and plasticity.
CaMKII is expressed in a graded fashion in the Xenopus tectum, with high expression restricted to the rostral-lateral region and little to no expression in the caudal-medial region where tectal neurons are initially formed. The CaMKII expression gradient may be influenced by inhibitory factors expressed in the ventricular layers of the tectum that facilitate increased dendritic growth by restricting CaMKII expression in newly generated neurons. However, both monocular deprivation and the induction of neuronal hyperexcitability in rodents result in activity-dependent regulation of CaMKII expression (Hanson and Schulman 1992; Hudmon and Schulman 2002) . The maturation and migration of Xenopus tectal neurons is accompanied by an increase in the density of AMPA receptors at developing synapses and a corresponding decline in the number of silent synapses containing predominantly NDMA receptors (Wu and Cline 1998) . This developmental shift in neuronal signaling capacity enables alterations in the extent of calcium influx, which could directly influence the activity-dependent regulation of CaMKII expression. It seems plausible that the establishment of the tectal CaMKII expression gradient results from a combinatorial effect of activity-dependent and extrinsic molecular mechanisms, which can both exert a degree of transcriptional control.
Dendritic branching is also regulated by both depolarization and the application of the peptidergic signaling molecules oxytocin and vasopressin in rat supraoptic nucleus (SON) slice cultures (Chevaleyre et al. 2002) . Increased dendritic branching in SON neurons can be induced by the application of either NMDA or oxytocin and vasopressin, as well as by depolarization with high levels of extracellular potassium. Additionally, the injection of newborn rat pups with antagonists to either NMDA receptors or oxytocin/vasopressin receptors leads to a decrease in dendritic branching in the SON. In slice cultures, the increase in dendritic branching mediated by NMDA, oxytocin/vasopressin, and depolarization, requires both the activity of voltage-gated calcium channels and the release of calcium from intracellular stores. However, depolarization in the presence of either NMDA or oxytocin/vasopressin antagonists is not sufficient to increase dendritic branching. This result indicates that the regulation of dendritic branching requires multiple intracellular events downstream from NMDA and peptide-mediated signaling. These findings underscore the likelihood of a combinatorial role for both activity-dependent and activityindependent mechanisms in the calciummediated regulation of dendritic growth and plasticity.
CALCIUM-MEDIATED REGULATION OF AXON OUTGROWTH AND PATHFINDING
Neurotransmitter expression and dendritic morphology represent distinguishing features of different neuronal subtypes. The location and identity of a neuron's downstream synaptic partners provide an additional basis for neuronal characterization. Calcium signaling contributes to the regulation of both the rate of axon outgrowth and the directional navigation of the growth cone en route to the axon's target.
Live imaging studies performed in the developing Xenopus spinal cord indicate that the rate of axon outgrowth is regulated by the frequency of spontaneous calcium transients in the growth cone (Gomez and Spitzer 1999) . The neuronal subtypes evaluated, including sensory Rohon -Beard neurons, ventral motor neurons, and two different classes of interneurons, show distinct frequencies of calcium transients, which are correlated with different rates of axon outgrowth. Neurons showing a high frequency of calcium transients experience a slow rate of axon outgrowth, whereas neurons with low frequency calcium activity show rapid rates of extension. Blocking or increasing the frequency of these calcium waves shows that they are both necessary and sufficient to regulate axon outgrowth. The frequency of the calcium transients within a given neuronal subtype is not fixed, and instead is subject to change depending on the location of the growth cone. This observation is consistent with studies demonstrating that gradients of extracellular guidance cues influence the calcium activity within neuronal growth cones (Hong et al. 2000; Henley et al. 2004) . Additionally, the Xenopus live imaging findings are supported by studies of cultured Xenopus spinal neurons, which show that an optimal frequency of calcium transients regulates neurite extension (Gu and Spitzer 1995) .
Recent work reveals that calcium-mediated regulation of axon outgrowth can also be controlled by kainate receptor-activated signaling. In cultured hippocampal neurons, electrical activity acts downstream from kainate receptor activation to decrease the rate of growth cone extension and axon outgrowth (Ibarretxe et al. 2007 ). The removal of extracellular calcium and the depletion of neuronal intracellular calcium stores prevent the inhibition of axon outgrowth that occurs on kainate application. These results indicate that an increase in intracellular calcium is necessary for kainate receptor-mediated inhibition of axon outgrowth.
Although kainate application and direct electrical stimulation inhibit growth cone motility in a significant percentage of cultured neurons, the growth rate of some cells remains unimpaired. This finding indicates that divergent neuronal subtypes within hippocampal cultures may respond to extracellular and activity-dependent cues in a heterogeneous fashion. Differential responses to activity-dependent signaling could allow neuronal subtypes to extend their axons to targets in disparate locations.
The selection of a neuron's target-whether it is a neuron or another cell type-is determined to a large extent by the direction of axon outgrowth, which is governed by the response of the axonal growth cone to extracellular axon guidance cues. Guidance molecules include both attractive and repulsive cues that interact with receptors on the growth cone to stimulate turning, which ultimately dictates the direction of growth. The selection of an axonal target is therefore heavily influenced by the specific repertoire of guidance receptors expressed by developing axons. How does the interaction between guidance cues and their corresponding receptors mediate directional changes in the trajectory of the growth cone? Extracellular gradients of both attractive and repulsive guidance cues have been shown to affect growth cone calcium and cyclic nucleotide levels differentially depending on whether the guidance cue is attractive or repulsive (Hong et al. 2000; Henley et al. 2004) . Calcium transients in growth cone filopodia regulate turning onto preferred biological substrates (Gomez et al. 2001) . Some of the downstream signaling mechanisms responsible for growth cone turning have recently been reviewed (Gomez and Zheng 2006; Zheng and Poo 2007; O'Donnell et al. 2009; Kolodkin and Tessier-Lavigne 2010) . Neurotransmitters may also act as guidance molecules. Early studies show that growth cones can turn toward gradients of acetylcholine or glutamate in a calcium-dependent manner in vitro (Zheng et al. 1994 (Zheng et al. , 1996 . In vivo, endocannabinoids regulate connectivity in the rodent cortex (Berghuis et al. 2007 ) and serotonin modulation of responsiveness to Netrin-1 may account for its disruption of sensory maps of thalamocortical axons (Bonnin et al. 2007 ). However, the role of calcium signaling in these cases is unclear.
THE RELATIONSHIP BETWEEN ACTIVITY AND ION CHANNEL EXPRESSION
The studies described above indicate that activity-dependent calcium signaling plays a significant role in regulating multiple aspects of neuronal differentiation. Many of these studies suggest that the influx of calcium into the neuron plays a critical role in inducing the release of intracellular calcium stores, allowing the progression of subsequent downstream events that are required for differentiation. A common theme in the work described here is the importance of both the spatial and temporal pattern of calcium transients in providing specificity for calcium-mediated regulation of distinct elements of neuronal development. The expression patterns and subcellular locations of calcium-permeable channels are instrumental in determining the spatiotemporal dynamics of calcium influx. Calcium enters the cell primarily through voltage-sensitive calcium channels, ionotropic glutamate receptors, and transient receptor potential (TRP) channels. Understanding the mechanisms that regulate the expression and localization of these channels can provide additional insight into the process of neuronal differentiation and the generation of specific neuronal subtypes.
Many of the studies described in this review suggest that neuronal phenotype is less hardwired than previously thought and that activity-dependent events can modulate neuronal phenotype throughout an extended period of development. Developmental changes in the expression profile of calcium-permeable channels provide a potential mechanism by which calcium signaling could play different roles at different times in the development of a single cell or cell type. For example, developmental studies of cultured mouse hippocampal neurons show that Ca v 1.2, the most abundant neuronal L-type calcium channel, is initially expressed throughout the entire neuron (Obermair et al. 2004) . As the neuron develops, the expression of Ca v 1.2 is down-regulated in the axon, particularly in the more distal parts. In the mature neuron, the expression of Ca v 1.2 is restricted to the somatic and dendritic compartments of the cell. These observations are intriguing because they present a potential scenario in which the early expression of Ca v 1.2 in the axon, particularly in the growth cone, could play a role in the regulation of calciummediated axonal guidance and outgrowth, in combination with TRP channels (Wang and Poo 2005) . Temporal regulation of the expression of calcium-permeable channels could provide a useful strategy for selectively altering the nature of calcium signaling for different developmental events. Further studies are required to determine whether developmental changes in calcium channel expression patterns provide specificity for calcium-mediated effects on neuronal differentiation. It is also necessary to elucidate whether temporal changes in the expression of calcium channels occur in multiple neuronal subtypes, in addition to mouse hippocampal neurons.
Observation of transient expression of Ca v 1.2 in the axons of hippocampal neurons prompts further inquiry into the mechanisms responsible for the compartment specific targeting and subsequent compartmental restriction of Ca v 1.2. The targeting of Ca v 1.2 in cultured rat hippocampal neurons is regulated by the interaction of the Ca v a1c subunit with the calcium-binding protein, calmodulin . Intriguingly, the calmodulin-dependent trafficking of Ca v 1.2 to distal dendrites is enhanced following up-regulation of intracellular calcium. Mechanistically, this provides a means by which calcium signaling in the neuron can regulate future calcium signaling events. For example, influx of calcium leading to a greater level of Ca v 1.2 insertion in the membrane and trafficking to more distal dendrites, could act as a positive feedback mechanism to promote additional subtypespecific calcium-mediated events influencing dendritic development. In this way, calcium signaling could act as a positive feedback mechanism to regulate differentiation in a subset of developing cells, aiding the specification of different neuronal subtypes. Additionally, calcium-mediated changes in calcium channel trafficking could underlie activity-dependent changes in neurotransmitter phenotype. For instance, up-regulation of calcium signaling promoted by the introduction of voltage-gated sodium channel constructs could lead to an increase in the membrane targeting of Ca v 1.2 channels. Increased calcium influx as a result of additional Ca v 1.2 channels could evoke changes in excitation-transcriptional signaling that may be responsible for the phosphorylation of transcription factors like cJun and the activity-dependent expression of genes such as Tlx3. Future studies will delineate further roles of calcium signaling in neuronal development and shed light on the myriad ways in which the influx of calcium at the membrane can mediate changes in the expression of genes, the structure of the cytoskeleton, and the subcellular targeting of proteins such as ionpermeable channels.
FREQUENCY CODING BY CALCIUM TRANSIENTS
The distinct developmental roles of the calcium transients described above indicate that the temporal dynamics of calcium fluctuations are reliably decoded and translated into specific effects on neuronal differentiation. In the mature nervous system, neuronal action potentials, resulting from both evoked and spontaneous activity, are all-or-none events that are characterized by a stereotyped change in membrane polarization and ion flux. Because the magnitude of depolarization does not provide information about the nature of the stimulus, the nervous system often relies on frequency coding to translate the temporal patterns of spiking activity into useful information. Similarly, in the developing nervous system, the rate of neurite extension is regulated by the frequency of spontaneous calcium transients (Gu and Spitzer 1995) . In addition, the frequency of calcium transients regulates the expression levels of GAD67 (an enzyme that synthesizes GABA), and the number of GABAergic neurons.
